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Abstract 
     Fabrication of the organic tunnel diode was carried out by first preparing a low roughness Au film on an oxidized Si substrate.  
Photo resist masked application of alkanethiol film was carried out in ethanol to form a stable, highly ordered film by sulfur-gold 
bonding.    Analysis of the film was performed using impedance spectroscopy and atomic force microscopy (AFM).  Subsequent 
surface micromachining applied the complementary metal layer to the tail end of the film forming a permanent tunnel junction.  
The film thickness was experimentally verified to be 1.5 nm and in agreement with the chemical model.  Testing of the tunnel 
junction was performed at room temperature on a probe station where the current-voltage characteristics showed a highly 
symmetrical diodic response. 
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1. Introduction 
In this study, a permanent structure incorporating an organic dielectric is desired for the application of direct 
electromagnetic rectification in a rectenna structure.  A rectenna (portmanteau of rectifying antenna) is a device 
which captures electromagnetic energy through one or more antenna elements and rectifies the AC signal into useful 
DC current [1].  These devices have been easily demonstrated at lower microwave frequencies but there is great 
attention given to the application of infrared and optical sensing and energy harvesting.  Self-assembled monolayers 
(SAMs) have been the focus of many groups because of their low cost, ease of application, and versatile surface 
chemistry [2].  Incorporating these organic films into functional devices has proven challenging due to their delicate 
nature.  The appeal of a self-assembled nanodielectric with uniform composition and consistent thickness keeps 
research focused on finding solutions to the fabrication challenges.     
For many years, Schottky diodes have been used successfully in rectennas for harvesting microwave 
electromagnetic energy with high efficiencies [3].  Unfortunately, these diodes are incapable of switching at the 
required frequency to make use of near optical (far IR) and optical energy sources.  For this reason, tunnel diodes 
are the prime candidate for this rectifier.  A tunnel diode relies on evanescent wave coupling which allows electrons  
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Fig. 1. (a) Structure overview showing probe points; (b) Metal-Insulator-Metal tunnel junction from left; (c) Ball-Stick model of 1-Dodecanethiol 
to pass through the barrier (dielectric) to the other metallic side [4].  Because of the quantum basis of operation, 
these diodes perform at timescales compatible with the desired rectification.  Inorganic dielectrics have been used 
for some time to create the Metal-Insulator-Metal (MIM) stack.  The use of dissimilar metals then enables direction 
preferential tunneling and thus rectification [1].  The processing techniques for these inorganic dielectrics are often 
expensive and result in numerous defects; these introduce different electron transport mechanisms through the 
insulator.  In the case of organic dielectrics, there are a number of application techniques and processes which can 
produce a uniform monolayer.  This study focuses on self-assembly because of the ease of application and 
conformal nature of the resulting film.  Alkanethiol films consist of (in the most basic case) a Sulfur terminated 
Carbon chain of 6 or more Carbon atoms.  When these species are dissolved in millimolar quantities in ethanol, they 
coordinate at the surface of noble metals and produce consistent, dense chemisorbed films.  A number of properties 
can be controlled by varying the chemistry of the thiol species.  Variation of tail or end groups can result in modified 
metallic work function offering an additional variable of control in producing asymmetrical response [5].   
Analysis of the films can prove challenging as they are damaged readily by common microfabrication processes.  
Groups have used conducting atomic force microscope [6], scanning tunneling microscope [7], metal film transfer 
[8], electrodeposition [9], and liquid metal contacting [10, 11].  Many of these methods succeed in minimizing 
punch-through damage related to the evaporation of metals on the organic layer.  However, few of these techniques 
are viable for a permanent usable device.  It is then useful to explore a structure which utilizes only surface 
micromachining to create the complementary structure to support a working device.   
2. Experimental 
2.1 Sample preparation and base structure fabrication 
Fabrication of the MIM structure was carried out using optical lithography.  Initially, the silicon samples were 
thoroughly cleaned and dry oxidized to form a smooth 300 Å oxide layer.  The wafers were then loaded into an e-
beam evaporation chamber and coated with a thin (150 Å) adhesion layer of Chromium followed by 450 Å layer of 
Gold.  The samples were removed and coated with photo resist, patterned, developed, and the base gold etched thus 
defining the probe pads, test structure metallization, and diode base metal.  Next, a lift-off process was prepared and 
a thick layer of SiO2 was deposited by e-beam evaporation.  A window was defined on the oxide layer within which 
the tunnel junction is made.  Following the SiO2 liftoff, the samples were again cleaned and this time patterned with 
SU-8 photo resist.  This layer defined the regions of base metal that would be exposed to the SAM immersion step 
along with the final top metal lift-off.   
2.2 SAM preparation, top metal application, and testing 
1-Dodecanethiol >98% (DDT) and 200 proof ethanol were obtained from Sigma-Aldrich and used as received 
without further purification.  A micropitpette was used to meter DDT into 30 mL of ethanol.  This 1 mM solution 
was formed in a specially cleaned glass jar and mixed for 3 minutes in an ultrasonic bath.  Samples described above  
were cleaned in an oxygen plasma at 50 Watts for 2 minutes and immersed in the SAM solution within 10 s of 
removal from the plasma.  The glass jar was immediately purged with Argon and protected from light.  The samples 
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Fig. 2. (a) Electrochemical impedance Nyquist diagram for 1-Dodecanethiol;  (b) Dependence of reciprocal of the apparent resistance on conc. 
remained immersed for 36 hours.  Following the immersion, they were removed and rinsed in reagent alcohol, DI 
water, NanoPure water, and finally dried in an Argon stream.  These were immediately loaded into the e-beam 
evaporator where a 2.0 x 10-6 torr vacuum was achieved.  The top metal chosen was Chromium because of 
significantly lower e-beam evaporation temperature.  Power was ramped very slowly depositing the first 50 Å at a 
rate of <0.1 Å/s.  A final thickness of 600 Å of Chromium followed by 20 Å of Gold marked the completion of the 
evaporation.  Samples were removed and placed in Remover PG at room temperature for 3-4 hours until the lift-off 
was completed.  Samples were rinsed in IPA and dried in a Nitrogen stream.   
The samples were immediately tested on an HP 4145b Semiconductor Parameter Analyzer and an Agilent 4284a 
LCR meter.  Fig. 1(a) shows the representative positions of probing on the organic diode structure.  Testing was 
performed at ambient temperature.   
3. Results and Discussion 
In a parallel batch, larger area samples were created for testing by AFM, XRD, and impedance spectroscopy.  A 
detailed explanation regarding the impedance spectroscopy testing procedures can be found in [12].  Results of the 
experiment are shown in Fig. 2.  The slope is placed into Equation 1 and solved for a d value of 1.54 nm. 
Slope(0.0145) = (n2F2ks/RT)e-ȕG  (1) 
This is in good agreement with the ArgusLab modeled chemical structure which predicted a chain length of 16.31 Å 
shown in Fig. 1(c).  The reason the modeled molecule appears longer is because of the angle of tilt known to exist 
for Gold substrate grown SAMs.  The exact angle varies by coordinating metal; in the case of Gold, the tilt angle is 
around 30° [13].  Additionally, while the carbon chain was modeled as a fully extended trans-configuration 
structure, there will be a few chains around grain boundaries and defects which contain folds and thus will appear 
shorter under analysis.  Van der Waals interactions between neighboring chains strengthen the surface film²these 
effects are most prominent in chains of greater than 6 carbons in length.   
Atomic Force Microscope (AFM) analysis of the coated noble metal substrate revealed a change in roughness.  
Small Gold lattice defects and grains are masked by the tail ends of self-assembled film as seen between Fig. 3(a) 
and (b).  In the case of non-terminated carbon chains as seen here, the tail ends are very small and offer poor 
contrast for individual viewing by AFM.   
Results from the test probe setup revealed the current-voltage (IV) performance of the tunnel diode.  There were 
a number of different sized junctions fabricated however the 9 µm2 junctions offered the greatest yield.  Smaller 
junctions would often be damaged due to fabrication flaws and lithography exposure variations.  This resulted in 
many open circuits which did not allow current to pass.  Much larger devices often experienced shorting (high 
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Fig. 3. (a) Freshly evaporated Gold film; (b) SAM coated Gold from similar region;                  Fig. 4. IV Test curve from organic diode 
current resistor-like performance) due to numerous grain defects in the film.  While it is appealing to think of this 
self-assembled film as a perfect structure, it does contain a number of common defects resulting from monolayer 
collapse, grain boundaries, and substrate imperfections [12].  As reported by other groups, device yield at this 
optimum junction size was approximately 5%. 
For this configuration, the similar work functions of the opposing metals resulted in a highly symmetrical curve 
with little rectification performance.  The tuned work function effects due to a film dipole are responsible for this 
result [5].  Still, the signal output could be measured and the device can be used in a sensing application.  
Exploration of SAMs with varied termination chemistry and other compatible metals which can be evaporated at 
relatively low temperature will yield better rectification performance.  
4. Conclusion  
A permanent organic dielectric-based tunnel diode is demonstrated using only surface micromachining 
techniques.  Measurements of the device revealed predicted morphology and diodic performance.  The thickness of 
1-Dodecanethiol is confirmed to be 1.5 nm and works well to permit tunneling between the two contact metals.  
Despite the use of dissimilar metal, the rectification ratio is nearly unity because of the work function lower effects 
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